Drag analysis is vital to measure the performance of the autonomous underwater vehicle (AUV) as well as the AUV thruster. Most of the previous drag studies is regarding to the shape and swimming method that contribute to the AUV performance. However, few attention was given on drag which influence the development of thruster. Hence, this research was conducted to analyze the drag of the micro AUV in a laminar fluid flow in order to find the optimum thrust that must be gained by a contractile water jet thruster (CWJT). Besides, these studies also focus on the dynamic pressure and skin friction that forms the total drag which acted on the AUV surface. Drag was measured by using pull technique and simulation technique for AUV speed below 0.5ms -1 . The results show that the recorded drag was between 9.0 x 10 -4 N and 1.8 x 10 -1 N. The trend line between the simulation data and experimental data has no significant difference and thus it shows that the simulation data were verified. Both results exhibits that the drag increase tremendously regarding to the AUV speed increment.
Introduction
Micro AUV could be considered as a small scale AUV which is usually could be applied to perform short range and small area coverage tasks [1] . It can perform either in sole task or in group by forming the swarm swimming format [2] [3] . Compared to the typical size AUV, the micro AUV is typically has the size less than 27.0 x10 -3 m cube volume. It shapes could vary from sphere, box, cylindrical or even mimicking the aquatic creatures such as fish and crustaceans [4] . Hydrodynamics character of the micro or small scale AUV is essential to determine the performance of the AUV. In addition, the knowledge in hydrodynamics is required in designing the propulsion system of the AUV. One of the vital hydrodynamics effect is the drag. Though there are many studies on AUV drag had been conducted, research on drag for the micro AUV is still growing and has a lot to be discovered. For instance, the influence of the current form, fluid resistance during swarm swimming pattern and dynamic pressure on the body of the micro AUV would vary from the standard size AUV due to weight, shape and propulsion method [5] . Hence, it is vital to understand the behavior of the hydrodynamic action on the micro AUV especially the bioinspired micro AUV such as the CWJT locomoted AUV where the swimming pattern is a little bit complicated. In addition, the measured drag magnitude of a specific AUV body shape provides clearer information to anticipate the specification of the CWJT at design stage.
The analysis in this studies consists of two types of drag which are the pressure drag or form drag and skin friction drag. The pressure drag occurs from the hydrostatic pressure and the value of the drag coefficient which depends on the shape of the AUV [6] . Skin friction drag occurs from the interaction between the fluid and the body of the AUV. This kind of drag has the effect of the shear stress of the vehicle body [7] . Drag measurement was carried out in two methods which were using the experimental work and numerical simulation. The experimental work was based on Pull Test technique. The simulation work was carried out to determine the drag force that cannot be measured during the experiments.
Experimental setup
AUV Design and Model Fabrication. The micro AUV was designed based on Myring profile with two side fins and single dorsal fin ( Figure 1 ). The length of this micro AUV was 20cm and the diameter was 4cm which gives the length-to-diameter ratio (L/D) of this AUV is 5. This mean the total drag will be more influenced by the dynamic pressure drag. Two side fins were added to provide stability for the AUV. The CWJT is located at the end of the AUV where the position of the water inlet is 13cm from the nose tip of the AUV. For this preliminary observation, the CWJT shape was fixed as if it is in the rest condition. The nozzle diameter was 1cm. Besides, the main objective was to find out the pressure and fluid velocity around the CWJT water inlet. This AUV was fabricated using 3D rapid prototyping machine (Objet 30 Pro). The body was fabricated by ABS material. The surface of the AUV was polished using superfine paper sand (#1000) to eliminate the staggering effect of the rapid prototyping process. Table I describe the micro AUV specification that was employed in this research.
Figure 1: Micro AUV design
Drag Measurement Procedure. The drag was measured experimentally for the speed between 0.5ms -1 and 1.3ms -1 . This range was determined as per standard AUV speed that can be achieved in previous researches [8] [9] . An AUV speed for more than 1 ms -1 is considered as quite high for a micro AUV because of the small thruster [9] . The experiment was conducted in a 2m x 0.6m x 0.6m (L x W x H) glass water tank ( Figure 2 ). The water tank size was determined by considering the shrouded wake effect around the AUV during swimming as well as the pressure formation on the AUV body that should not be influenced by the wall boundary [10] . In this experiment, water tap was utilized as the operating fluid and the fluid temperature was remained at 27°C. The atmospheric pressure was 1 atm. The AUV model was attached to a 0.5mm diameter non-stretch steel cable and pulled by an geared DC motor (SPG 30-20K). The pulling speed was varied due to the required speed of the AUV as independent parameter. A digital pull scale (model Micro Mark) with 0.028N resolution was applied to measure the tensile force of the cable that represents the drag. The drag coefficient C d could be determined by equation 1 [11] ,
where F d is the drag force that was measured from the digital scale, ρ is the density of the fluid which is in this case is the tap water, A AUV is the wetted surface of the AUV where the fluid interacted with the body of the AUV and U is the AUV speed. The fluid condition was in static during the motor started to pull the AUV model. 
Simulation
The numerical simulation was carried out to determine the drag of the AUV at lower speed, between 0.05ms -1 and 0.5ms -1 which cannot be reached by the experiment. ANSYS Fluent software was employed to do this simulation. The fluid domain was set as a cylindrical workspace whereby the diameter was same as the boundary condition of the experimental works. The radius of the cylindrical fluid domain was more than twice of the length of the micro AUV [10] . Tetrahedral mesh with more than one hundred and fifty thousand elements had been applied for fluid domain (Figure 3) . The pressure was set at 1 atm. Fluid speed was varied according to the targeted AUV speed. This simulation use viscous-laminar model and simple solution method was applied for pressure-velocity coupling. For the solution calculation, the number of iterations was set at 100. Figure 4 depicts the results of the drag analysis for both experimentally and by simulation. The black diamond dots represents the result from experiment and the red box dots addresses the simulation results. The result from experimental works exhibits that at 0.65ms -1 speed, the recorded drag is approximately 6.0 x 10 -2 N. While at the 1.3ms -1 speed, the recorded drag is around 1.6 x 10 -1 N, which is more than twice force magnitude compared to the initial AUV speed. In general, it seems that the drag force of the AUV increases proportionally to the AUV speed. However, by plotting a polynomial trend line, the relation between drag and AUV speed is slightly exponential. This finding shows that the drag and AUV speed relation in equation 2 had been verified. The experimental result, on the other hand had been compared to the simulation results that covered for the lower AUV speed range. By setting at 0.05ms -1 intervals, the drag and AUV speed relation shows an exponential trend. Plotting a trend line provides an obvious results comparison between these two techniques. The simulation trend line is in line with the experiment trend line. Based on these results, the thrust of the CWJT, T f could be determined using equation 2;
Results and Discussion
where m is the mass of the ejected fluid and a is the acceleration of the fluid. Fluid acceleration could be measured through observation or calculated from the actuation. However, it is difficult to measure the mass of the ejected fluid. Thus, equation 2 could be expanded to equation 3, where the mass of the ejected fluid could be determined by multiplying the density of the fluid, ρ and the volume of the ejected fluid, V t [11] . In order to ensure the AUV moves forward, the thrust must overwhelm the drag.
Mechanical and Electrical Technology VII Figure 6 represent an example of the simulation results for skin friction and dynamic pressure that acted on the wetted surface of the AUV respectively. As mentioned in the previous chapter, the skin friction occurs from the interaction between the fluid and the AUV surface during swimming. Hence, an AUV with longer hull or higher L/D ratio has more skin friction compared to shorter hull AUV. This friction is largely influenced by the viscosity of the fluid and surface roughness of the AUV body. In the simulation result, the skin friction occurs mostly on the sharp edge surface of the AUV such as at the tip of the nose and frontal tip of the fins. As the speed of the AUV increases, the skin friction magnitude decrease. This character is contradict to the dynamic pressure that occurred on the AUV body. The increasing AUV speed had increased the dynamic pressure. The dynamic pressure formation focused on the neck of the hull and the sharp tip of the fins ( Figure 6 ). It shows that at this point there is accumulation of pressures the result from the reflection of the fluid from the AUV body and the coming fluid from the stream. The result from the simulation had also proven that the water inlet has the minimum pressure. This condition would help the actuator to contract at the lowest possible force to produce the thrust. 
Conclusion
The increment of AUV speed had generated the drag force at an exponential increment trend. In this case, the drag magnitude lies between 9.0 x 10 -4 N and 1.8 x 10 -1 N for the AUV speed that range from 0.05ms -1 to 1.3ms -1 . These drag values consists of two sources of drag which are the skin friction and the dynamic pressure. As the designed AUV has 5 L/D ratio, the skin friction became lower as the AUV speed increase. On the other hand, the dynamic pressure that act on the AUV body had increased. Compared to the other part of the AUV, the water inlet at the rear of the AUV has the lowest dynamic pressure. Thus this condition gives the advantages for the actuator to contract and water can be easily sucked into the CWJT chamber. Based on this research, it can be concluded that the 20cm length micro AUV with 5 L/D ratio had generated low drag force which was less than 1.0 N at 1.3ms -1 speed. This is due to the small fluid-body contact surface that cause the skin friction. This research had also opened further investigation for the validity of the L/D ratio according to the AUV size and their influence on the dynamic pressure and skin friction.
